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Abstract The AuroraWatch UK aurora alert service uses a network of magnetometers from across the
United Kingdom to measure the disturbance in the Earth’s magnetic ﬁeld caused by the aurora borealis
(northern lights). The service has been measuring disturbances in the Earth’s magnetic ﬁeld from the UK
and issuing auroral visibility alerts to its subscribers, since September 2000. These alerts have four levels,
corresponding to the magnitude of disturbance measured, which indicate from where in the UK an auroral
display might be seen. In the following, we describe the AuroraWatch UK system in detail and reprocess the
historical magnetometer data using the current alert algorithm to compile an activity database. This data set
is composed of over 150,000 h (99.94% data availability) of magnetic disturbance measurements, including
nearly 9,000 h of enhanced geomagnetic activity.
Plain Language Summary Witnessing the aurora borealis, more commonly known as the
northern lights, is a much desired event, often featuring in people’s “bucket lists.” Although rarer than in
more arctic regions, such as Scandinavia, Iceland, and Canada, the northern lights are seen from the UK
too. To help with this aurora-hunting endeavor, the AuroraWatch UK service sends alerts to its followers
when UK aurora sightings may be possible. The service has been running for 17 years and has over 100,000
subscribers. We have recorded over 150,000 h of magnetic ﬁeld measurements including nearly 9,000 h
where geomagnetic activity was large enough for an aurora to potentially be seen from at least some parts
of the UK.
1. Introduction
The aurora (more commonly known as the northern/southern lights) are a particularly engaging manifesta-
tion of the eﬀects of spaceweather on the Earth.Witnessing an aurora ﬁrsthand is an extremely popular desire
among the general public, particularly for those at subauroral latitudes, where auroral visibility is possible but
less common, such as in the UK (Wild, 2006). As such, a wide variety of services exist which attempt to alert
their users to when an aurora might be visible near them. These alerts are usually based on predicted geo-
magnetic indices, such as the Kp index (Bartels et al., 1939; Wing et al., 2005), and/or user sightings (e.g., Case
et al., 2016).
These aurora alert services are often run informally through popular socialmedia platforms, such as Facebook
and Twitter, though some are stand-alone services run by the scientiﬁc community, for example, the space
weather scale forecast of the U.S. National Oceanic and Atmospheric Administration (NOAA) (Poppe, 2000)
and the Aurorasaurus citizen science alerts (MacDonald et al., 2015).
The aurora generally form in an oval around the northern and southern geomagnetic poles. During periods
of intense aurora, that is, as the result of substorm activity, the oval expands and can be seen from latitudes
further equatorward than usual (Elphinstone et al., 1996). At their simplest, the aurora are the result of a ﬂow
of electrically charged particles into and out of the upper atmosphere which collide with and subsequently
excite the resident atmospheric gases. Some time later the excitedgases relax energy states andemit photons,
thus producing the lights of the aurora.
The colors of the aurora are dependent upon the particular atmospheric gases that are excited. For example,
themost familiar color associatedwith the aurora is the green 557.7 nmemissionwhich is the result of excited
oxygen atoms in the 100–200 km altitude range. However, other colors are produced at diﬀerent altitudes
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Figure 1. A composite NASA satellite image of the British Isles (including
the UK and Republic of Ireland). Shown in blue are the locations of the
magnetometers that form SAMNET, in green are the AuroraWatchNet
magnetometers (including the Met Oﬃce magnetometer in Exeter,
England), and in red are the magnetometers from the BGS School
Magnetometer Network.
Variations in the location and intensity of the near-Earth current systems
that drive the aurora result in disturbances to the local terrestrial mag-
netic ﬁeld. These disturbances can be measured on the ground using
magnetometer networks (Love, 2008) and can be used to create indices
of geomagnetic activity (e.g., Davis & Sugiura, 1966; Sugiura, 1964). The
geomagnetic indices act as proxies for the strength of the aurora and
near-Earth current systemswhich enables the location and extent of these
systems to be estimated (e.g., Carbary, 2005; Cramoysan et al., 1995).
AuroraWatch UK (AWUK) is an automated aurora alert service run with
the speciﬁc aim of alerting residents of the British Isles (including the UK,
Republic of Ireland, and the Crown Dependencies) of when an auroral
display might be visible to them. The service is incredibly popular, with
over 100,000 subscribers, and has a loyal user base from a wide range of
backgrounds (Massey, 2012).
Asdescribed in section2, AWUKuses a suite of ground-basedmagnetome-
ters to issue alerts of auroral visibility based on disturbances in the mag-
netic ﬁeld measured from the UK. These alerts, as described in section 3,
have various levelswhich indicate fromwhere in the British Isles onemight
be able to see the aurora.
AWUK has been operational since September 2000 and was created by
the University of York, UK, as an oﬀshoot to their Sub-Auroral Magne-
tometer Network (SAMNET) project (Yeoman et al., 1989). Since April 2003,
however, AWUK has been run by Lancaster University, UK, which took
over management of the SAMNET project (Wild, 2006). Throughout this
operational period several magnetometers have served as the primary
magnetometer for AWUKand severalmethodsof calculating the alert level
have been employed. In section 4, we present details of the frequency of
the alerts over the past 16 years.
In section 5, we summarize the AWUK system and the historical data pre-
sented here. Furthermore, we discuss the future scientiﬁc studies that
AWUK could facilitate, as well as the applicability of AWUK to other aurora
alert systems across the globe.
2. Instrumentation
Thenumber and location of themagnetometers that formSAMNET, nowoperatedby the Space andPlanetary
Physics group in theDepartment of Physics at Lancaster University, has changed over time. In its current form,
only two magnetometers are directly under SAMNET control. These two magnetometers, shown in blue in
Figure 1, are located at Crooktree (near Aberdeen), Scotland, and Lancaster, England.
The SAMNET magnetometers are now supplemented with AWUK’s own magnetometer network
“AuroraWatchNet” (AWN), which includes a magnetometer owned by the UK’s Meteorological Oﬃce (Met
Oﬃce), and the British Geological Survey’s (BGS) School Magnetometer Network (Beggan & Marple, 2016).
The locations of these sites are also shown in Figure 1 (in green and red, respectively).
The primary magnetometer used by the AWUK system to generate alerts is the Crooktree SAMNET magne-
tometer. This is a science-grade triaxial ﬂuxgate magnetometer and is capable of measuring variations in the
magnetic ﬁeld strength in the three orthogonal directions at a resolution of 0.05 nT (in the ±1600 nT range).
The ﬂuxgate sensors are accompanied by compensation coils wound on quartz tubes, which allow for an
operating temperature range of−10∘ to 40∘C and a temperature coeﬃcient of<0.25 nT/∘C. This temperature
stability permits installation outside away from sources of magnetic interference.
In case of failure at the Crooktree magnetometer, for example, complete failure of the instrument or just a
delay in reporting data, the AWUK systemwill automatically switch to using data from another site. A fallback
list is maintained to determine the order of preference of the magnetometers to allow for multiple failures.
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Figure 2. (top) The magnetic ﬁeld data, recorded by the SAMNET Crooktree
magnetometer, for the ﬁve geomagnetically quietest days in July 2017 are
plotted. (bottom) In blue is plotted the mean of these quietest days, after
baseline shifting, for each of the magnetic ﬁeld components. These mean
curves are then smoothed to produce the ﬁnal quiet day curve, shown in
orange.
This fallbackmechanism can also be triggeredmanually, and the list mod-
iﬁed in real time, if inspection of the data reveals them to be spurious.
3. Generating Alerts
The AWUK system reports the current magnetic ﬁeld measurements in
near real time, but the geomagnetic activity index, and thus the alert level,
is determined every 3 min to account for any delays in data availability.
In the present implementation of the system, only the primary magne-
tometer is used to determine the “oﬃcial” alert level (i.e., the alert level
shown on the website and apps); however, an individual alert level is also
calculated for each magnetometer in the network. Future iterations of
AWUKmayallowauser to chosewhichmagnetometer theywish to receive
alerts from (e.g., their most local site); however, we note that the diﬀer-
ences between themeasuredmagnetic ﬁeld acrossmainland UK are often
of the order of a few nanoteslas and would result in little diﬀerence to the
number or type of alerts issued.
The majority of the AWUK magnetometers measure the local magnetic
ﬁeld in three orthogonal components: H (north-south), E (east-west), and
Z (down-up). Since the ionospheric currents related to the aurora ﬂow pri-
marily in the east-west direction, strong auroral activity primarily drives
disturbances in the H component of the magnetic ﬁeld. However, auro-
ral activity is sometimes more accurately reﬂected by disturbances in the
E component when measured from the UK. The AWUK activity index is
therefore determined using both the H and E components.
To compute the AWUK geomagnetic activity index, the daily solar quiet
variation (e.g., Yamazaki & Maute, 2017) is ﬁrst removed from the data by
subtracting a “quiet day curve” (QDC). A custommethod is used to create
a set of quiet day curves for each calendar month. The method involves
identifying the ﬁve “quietest” days in the calendar month, that is, those
days with the least variation in geomagnetic activity from the monthly
mean. The mean “quiet day” is then determined by averaging these ﬁve
quiet days. The mean curve for each component is then smoothed using
a truncated Fourier series expansion to remove higher-order components
and to ensure the ends of the curve osculate. The truncated Fourier series
approach has been used successfully in the MIA data processing software
(Marple & Honary, 2004) for many years for both magnetometer and riometer quiet day curves and has
also been used with IMAGE magnetometer data (van de Kamp, 2013). Each component uses the same ﬁve
quiet days, but diﬀerent magnetometers may use diﬀerent quiet days due to local variations, man-made
disturbances or data availability.
An example of this QDCmethod is shown in Figure 2. In the top three panels, themagnetic ﬁeld data recorded
by the Crooktree SAMNET magnetometer are plotted for each of the ﬁve geomagnetically quietest days in
July 2017. The mean average curves of these ﬁve quietest days is plotted in the bottom three panels in blue.
These curves are then smoothed to produce the ﬁnal QDCs and are plotted in orange.
Before the QDCs are used they are adjusted to compensate for any baseline changes that may have occurred.
This problem is more common with the citizen science AWNmagnetometers which can exhibit a slight tem-
perature dependence. For each day a predicted “real-time baseline” is computed, which is the expected daily
mean ﬁeld strength value for each component. Tomorrows’ real-time baseline is computed as the mean
value for each component from yesterday and the 9 days preceding it. Thus, the baseline value can be com-
puted in readiness for the real-time data. As the current month’s quiet day curve is not available in real time,
thepreviousmonth’s quiet day curve is used, ﬁrst shifted to have zeromean for each component, and then the
daily baseline values are added algebraically. For the ﬁrst 3 days of the calendar month it is assumed that the
quiet day curve is not ready and so the QDC from the month prior to the previous month is used instead.
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Table 1
AuroraWatch UK Activity States
Color Activity range (nT) Description Meaning
Green A < 50 No signiﬁcant activity Aurora is unlikely to be visible by eye or camera
from anywhere in the UK.
Yellow 50 ≤ A < 100 Minor geomagnetic activity Aurora may be visible by eye from Scotland
and may be visible by camera from Scotland,
northern England, and Northern Ireland.
Amber 100 ≤ A < 200 Amber alert: possible aurora Aurora is likely to be visible by eye from Scotland,
northern England, and Northern Ireland; possibly
visible from elsewhere in the UK. Photographs of
aurora are likely from anywhere in the UK.
Red A ≥ 200 Red alert: aurora likely It is likely that aurora will be visible by eye and
camera from anywhere in the UK.
This approach enables the QDC to track any temperature-related baseline shifts without being signiﬁcantly
aﬀected by geomagnetic storms.
Since deviations from the QDC can swap between being positive or negative, we also compute themaximum
hourly range (in both the H and E components) in the disturbance values. Whichever of the disturbance level
or the hourly range is greater, in either H or E, is used as the activity index. We note that the rate of change of
the magnetic ﬁeld (i.e., dB/dt) can also prove as a useful auroral indicator (Kauristie et al., 2016); however, this
not currently used in the latest implementation of the AWUK system. Though the activity index is calculated
in near real time, this real-time value is only ever stored if it is larger than the current hour’s activity value. If
the real-time activity registered drops during the hour, the AWUK activity index (and alert level) will remain at
its elevated value until the next hour commences.
There are fourAWUKactivity levels (green, yellow, amber, and red)which each relate to the valueof the activity
index. As is shown in Table 1, the alert levels have their own descriptions andmeanings, including an estimate
of where in the UK an aurora might be seen from. A larger activity index, and thus more elevated alert level,
indicates that the auroral oval is brighter and has expanded equatorward, suggesting that the aurora might
be seen from further south in the UK. We note that the aurora is often “seen” through a camera lens rather
than by eye, since a camera sensor is more sensitive than the human eye and is capable of long exposures. As
such, we include both “by eye” and “by camera” estimates in the alert level meanings.
The thresholds and descriptions for each activity level have been determined based on extensive past expe-
rience of where in the UK the aurora is seen at certain levels of geomagnetic activity. However, we note that
these levels are not based on some ﬁxed physical parameter and so may change over time to improve our
alert accuracy. For example, in the original implementation of AWUK there was no yellow alert; this level was
added later to improve aurora nowcasting for those in the north of the UK. Future analyses, perhaps with the
aid of citizen science observations, may result in small changes to the activity levels and their thresholds.
Presented in Figure 3 are the AuroraWatch UK magnetic ﬁeld and geomagnetic activity plots for an example
geomagnetic storm that occurred on 25 October 2016. In Figure 3 (top) are themagnetic ﬁeldmeasurements
for eachof the threeorthogonal components (H, E, andZ). Theblue lines are themagnetic ﬁeldmeasurements,
and the gray lines are the QDCs. Plotted in Figure 3 (bottom) is a bar chart of the AWUK activity index for the
same period. The color of the bar indicates the alert level, with the threshold value for each alert level shown
by the colored horizontal lines.
If enhanced activity is measured (i.e., yellow or above) an alert is posted on AWUK’s social media outlets
(currently Twitter, Facebook, and Telegram) and through AWUK’s mobile applications (iOS and Android).
Additionally, alerts are sent via email to twomailing lists (amber and red, and red only) if activity reaches suf-
ﬁcient levels. All alerts are automated and are issued as soon as an activity threshold is met. Alerts are issued
during daylight hours but the text is modiﬁed to suggest that the aurora may only be visible if enhanced
activity continues when dark.
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Figure 3. (top) In blue are the three orthogonal magnetic ﬁeld components, as measured by the Crooktree SAMNET
magnetometer on 25 October 2016. In gray are the quiet day curves for each component. (bottom) The corresponding
hourly activity indices for this interval are shown. The bars are colored depending upon the value of the activity index.
The threshold values for each level are shown by the horizontal colored lines.
The frequency of alerts is limited to prevent “spamming” users. Social media alerts are limited to once per
6 h, unless the activity level increases beyond the highest previous level. A return to a higher alert level, after
a drop in activity (e.g., amber to yellow to amber), will not result in another alert, however. Email alerts are
limited to once per 24 h for each activity level (i.e., two email alerts will be issued to the amber and redmailing
list if activity rises from amber to red).
3.1. Merging Historical Data
In the following section, data from some of the various magnetometers employed during the past 15 years
havebeenmerged into a single historical data set (see Table 2 for the name, location, andoperational lifetimes
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Table 2
Magnetometers Used for AuroraWatch UK Historical Data Set
Geomagnetic coordinates
Name Location (IGRF 2017) Operational
CRK1 Crooktree (Scotland) 58.98∘N, 85.22∘E June 2006 to February 2013
CRK2 Crooktree (Scotland) 58.98∘N, 85.22∘E August 2015 to present
ESK1 Eskdalemuir (Scotland) 57.32∘N, 83.65∘E February 2001 to present
GML1 Glenmore Lodge (Scotland) 59.22∘N, 84.21∘E pre-September 2000 to May 2002
LAN1 Lancaster (England) 56.14∘N, 83.35∘E March 2005 to July 2012
LAN2 Lancaster (England) 56.14∘N, 83.35∘E March 2016 to present
LER1 Lerwick (Scotland) 61.65∘N, 88.70∘E February 2001 to present
YOR1 York (England) 55.70∘N, 85.11∘E pre-September 2000 to March 2006
of themagnetometers used). When data frommore than onemagnetometer exist for the same time period, a
preference list is used to decide which data to select. This preference list is based upon the general quality of
themagnetometer itself and its location in the UK (with a latitude similar to Crooktree beingmost preferable).
Additionally, if the activity index from the most preferred site is greater than 1.2 times the next highest index
value from the other sites, for example, due to artiﬁcial inﬂuences, the data from the next magnetometer in
the preference list is chosen instead.
If no data from any AWUKmagnetometer is available, or if the data available has integrity issues, for example,
spikes in the data that are characteristic of nonaurora inﬂuences, we utilize data from one of the BGS obser-
vatory stations (ESK1 and LER1 in Table 2). Data from these magnetometers are not available to AWUK in real
time and so they cannot formpart of the AWUK alert system; however, they can be used for historical analyses
such as this.
Furthermore, themost recent alert generationmethod (i.e., the onepreviously described) has been retrospec-
tively applied to all of the historical data. This allows for direct comparisons between years but doesmean the
results presented here may not match exactly with the historical archives found on the AWUK website.
4. Results
In the following we present a historical overview of the newly curated AWUK data. By merging data from
several historical magnetometer sites, we ﬁnd that the triaxial magnetometer data availability is 99.94% for
the period spanning 00:00 (UTC) on 1 September 2000 to 00:00 (UTC) on 24 October 2017 (150,192 out of
150,288h).Wenote that the actual “up-time” of theAWUK systemwouldbemarginally less than this; however,
this is not something that we have recorded in the past.
Figure 4. (left) Overall data share by site for all years. (right) Data share by site per year. Site colors match with those in
the pie chart.
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Figure 5. (left) A pie chart illustrating the number of hours spent at each AWUK activity level, as a percentage of the
total number of hours. (right) A histogram of the percentage of hours spent at an elevated alert level (i.e., yellow or
above) per year. Also plotted are (solid line) the percentage of time per year where Kp ≥ 4 and (dashed line) the mean
daily sunspot number per year (as a proxy for solar activity). The sunspot number is divided by 10 for scale.
As shown in Figure 4 (left), 85.8%of thesedata are providedby theAWUK real-timemagnetometers and14.2%
by theBGSmagnetometers at Eskdalemuir (ESK1) and Lerwick (LER1). Themajority of theAWUK real-timedata
are provided by the SAMNET CRK1 magnetometer (51.9% of all data) and, more recently, by its replacement
CRK2 (12.5%).
As shown in the pie chart of Figure 5, during this interval the activity level in this merged data set reached
the yellow threshold for 7,089 h (4.7%), amber for 1,495 h (1.0%), and red for 390 h (0.3%). This corresponds
to approximately 412 h of yellow, 88 h of amber, and 23 h of red alert level per year.
Plotted in the stacked bar chart of Figure 5 are the varying percentages of each elevated alert level (i.e., yellow
or higher) by year. The solid black line also plotted is the percentage time, per year, for which Kpwas elevated
(≥4) indicating increased global geomagnetic activity. The dashed line is the mean daily sunspot number for
each year, divided by 10 for scaling purposes, and is shown as a proxy for solar activity and position in the
solar cycle. We note that the year 2017 is not complete, and the diﬀerent data sources have slightly diﬀerent
end dates, so this year should be treated as provisional and subject to change.
5. Discussion and Summary
The AuroraWatch UK alert system is based upon disturbances in the magnetic ﬁeld measured at its magne-
tometers located across the UK. Using the algorithm described herein, the magnetic ﬁeld measurements are
turned into an activity value, and alerts are issued at varying levels according to this activity value. We note
that the AWUK activity value is calculated in real time, unlike the Kp index which is determined every 3 h, and
so can be used to issue alerts of measured geomagnetic disturbance.
The AWUK system is robust and can utilize data from any of several magnetometers in the system. How-
ever, this real-time alerting mechanism is not infallible and has resulted in the rare “false alert.” In one widely
reported case (e.g., Quanta, 2016), the main Crooktree magnetometer was suﬀering from a network-related
issue and so the system fell back to using data from the Lancaster magnetometer. Unfortunately, the Lan-
caster site is not guaranteed to be magnetically quiet and, on that day, the ground’s team responsible for the
site mowed the lawn creating signiﬁcant magnetic disturbances. These disturbances resulted in the issuing
of a “false” red alert.
To prevent such false alerts in the future, it is envisaged that the service will instigate the fallback mechanism
automatically if data being returned from the main site are signiﬁcantly diﬀerent from the other sites in the
network. Alternatively, some average activity value from across the whole network of magnetometers could
be used either to issue alerts or as a quality control check. In the highlighted case, these improvements may
have resulted in the system falling back to the next magnetometer in the preferred list instead of issuing the
red alert.
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In this report we havemerged data from variousmagnetometers and used the latest alert algorithm to gener-
ate a historical AWUK record of geomagnetic activity. Although the historical record presented here starts in
September 2001, to coincidewith the launch of the AWUK system, there is no reasonwhy the algorithm could
not be applied to other UK-based triaxial magnetic ﬁeld measurements that predate this time. Additionally,
the same algorithm could be applied to non-UK-basedmagnetometers, although the thresholds for the alert
levels may need adapting if their geomagnetic latitude is signiﬁcantly diﬀerent.
In this historical record, we have predominantly used magnetometers from the AWUK network to provide
the activity level. As shown in Figure 4, however, we have relied on two BGSmagnetometers to provide data,
particularly during the period of August 2014 to August 2016. As previously noted, the BGS magnetometers
cannot be used by AWUK for aurora alerts as we do not have real-time access to the data. Instead, during this
interval, AWUK utilized one of its own single-axis magnetometers. While the single-axis magnetometer data
cannot be used with the latest alert algorithm, we were able to use them for the version of the algorithm in
operation at that time.
In the historical data set we ﬁnd that the alert status was yellow for 4.7%, amber for 1.0%, and red for 0.3%
of the time which corresponds to approximately 412 h of yellow, 88 h of amber, and 23 h of red alert level
per year. We note, however, that the actual number of alerts issued would be lower than this due to the alert
frequency criteria we apply (discussed earlier).
As shown in Figure 5, the percentage of hours for which an elevated status level is recorded is not consistent
throughout the years. This result does not suggest an issue with the data, rather it is indicative of the varying
levels of geomagnetic activity spanning two solar cycles. This is clearly demonstrated by the fact that the
elevated status percentages closely match the percentage of time that Kp ≥ 4 (i.e., geomagnetically active).
Theoneexception to this trend is 2013whichmaybedue toour relianceona lower latitudemagnetometer for
much of the year (see Figure 4). Additionally, we note that the level of elevated geomagnetic activity does not
match the solar activity (asmeasured through sunspot numbers) exactly, with the large levels of geomagnetic
activity recorded during the declining phase of the solar cycle. This is consistent with previous observations
(e.g., Venkatesan et al., 1991).
The AWUK system is not only a useful tool for aurora hunters. With its long history of recording localized
geomagnetic disturbances, it can also be used for scientiﬁc study and for global real-time geomagnetic mon-
itoring (Love & Finn, 2017). For example, future studies will be undertaken to compare the AWUK data with
citizen science observations of the aurora to determine the accuracy of our alerts levels (e.g., Harrison, 2005;
Lockwood & Barnard, 2015; MacDonald et al., 2015; McBeath, 2006).
Additionally, since the AWUK alert level is not aﬀected by local conditions such as cloud cover or light pollu-
tion, thehistorical datapresentedhere couldbeused todetermine the frequencyof potential aurora sightings
from the UK if local conditions had permitted. Perhaps more interestingly, the data could be used to investi-
gate the dependency of such viewing opportunities on variables such as position in the solar cycle or time
of year.
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